I. INTRODUCTION
A substantial number of hyperaluminum molecules, Al 3 O, [1] [2] [3] [4] [5] Al 4 O, 2, 3, 6 Al n N (nϭ3,4), 3, 6, 7 and Al n S (nϭ3 -9), 8 which contain ligands larger in number than expected based on the octet rule, have been reported in the literature. We recently investigated two hyperaluminum-carbon molecules: Al 3 C 9 and Al 4 C 10 and their anions. The Al 4 C Ϫ anion was found to be particularly interesting because it contains a tetracoordinated planar carbon atom ͑when averaged over zeropoint vibrational motions͒.
In this article, we report a combined photoelectron spectroscopy ͑PES͒ and ab initio study of the Al 5 C Ϫ and Al 5 C species, neither of which have been investigated previously. PES of size-selected anions combined with a laser vaporization cluster source has been proven to be a powerful experimental technique to study the electronic structure of a wide range of novel molecular and cluster species. 7, [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] The PES spectra of Al 5 C Ϫ revealed four detachment channels, corresponding to detachment to the ground and first three excited states of Al 5 C. Ab initio calculations were performed for both the anion and neutral, which were found to have C 2v symmetry with planar structures. The calculated electron affinity and neutral excitation energies are in good agreement with the experiment, thus allowing us to completely characterize the geometrical and electronic structure of the Al 5 C molecule and its Al 5 C Ϫ anion.
II. EXPERIMENT
The experiments were performed with a magnetic-bottle time-of-flight ͑TOF͒ photoelectron apparatus and a laser vaporization cluster source. Details of the apparatus have been published previously. 24, 25 Briefly, the Al 5 C Ϫ clusters were produced by a laser vaporization of an aluminum target with pure helium carrier gas. The carbon impurity in the aluminum target was sufficient to give rise to a series of Al n C Ϫ clusters. We also used a pressed Al/C target ͑80/20 atom ratio͒ to produce the Al 5 C Ϫ anions and obtained identical results. The cluster anions from the cluster source were extracted perpendicularly into a TOF mass spectrometer. The Al 5 C Ϫ cluster were selected and decelerated before intercepted by a detachment laser beam. For the current investigation, two photon energies from a Nd yttrium-aluminumgarnet ͑YAG͒ laser were used, 3.496 ͑355 nm͒ and 4.661 eV ͑266 nm͒. The measured photoelectron TOF spectra were converted to kinetic energy distribution calibrated by the known spectrum of Cu Ϫ . The electron binding energy spectra were obtained by subtracting the kinetic energy distributions from the photon energies. The electron energy resolution was better than 30 meV for 1 eV electrons.
III. COMPUTATIONAL METHODS
We first optimized the geometries of Al 5 C and Al 5 C Ϫ employing analytical gradients with polarized split-valence basis sets (6-311ϩG*) [26] [27] [28] using a hybrid method which a͒ Electronic mail: simons@chemistry.utah.edu includes a mixture of Hartree-Fock exchange with density functional exchange-correlation ͑B3LYP͒. [29] [30] [31] The energies of the lowest structures thereby identified were refined at the MP2 level of theory. 32 Finally, the energies of the lowest structures were refined even further using the CCSD͑T͒ level of theory [33] [34] [35] and 6-311ϩG(2d f ) basis sets. The core electrons were kept frozen in treating the electron correlation at the MP2 and CCSD͑T͒ levels of theory.
Vertical electron detachment energies from the lowestenergy singlet structures of Al 5 C Ϫ were calculated using the outer valence Green function ͑OVGF͒ method [36] [37] [38] [39] [40] incorporated in Gaussian-94. The 6-311ϩG(2d f ) basis sets were used in all OVGF calculations, and all calculations were performed using the Gaussian-94 program. Figure 1 shows the photoelectron spectra of Al 5 C Ϫ at 355 and 266 nm. Three major features ͑X,A,B͒ were observed in the 355 nm spectrum. One additional feature ͑C͒ at higher binding energy was revealed in the 266 nm spectrum. The lower energy tails in both spectra were due to hot band transitions and were strongly dependent on source conditions. The band widths of the features in the 355 nm spectrum were similar to that in the 266 nm spectrum even though the instrumental resolution was higher at 355 nm than at 266 nm. The relative intensities of the features A and B were enhanced at 266 nm. No vibrational structures were resolved at the higher resolution at 355 nm. The band widths of the spectral features at 355 nm were broader than the instrumental resolution, suggesting that some low-frequency vibrations were excited upon photodetachment and that there was a slight geometry change between the ground state of the anion and the neutral states. The overall spectral features of the Al 5 C Ϫ PES spectra were relatively simple, possibly due to the fact that Al 5 C Ϫ may have a closed shell electron configuration. A closed shell anion usually gives rise to simpler PES spectra because removal of an electron from each occupied molecular orbital only yields a single spectral feature if there is no orbital degeneracy. As will be shown below from ab initio calculations, indeed Al 5 C Ϫ is a closed shell anion with a C 2v symmetry. The measured adiabatic ͑ADE͒ and vertical ͑VDE͒ binding energies of the four spectral features are summarized in Table I . The interpretation of each feature will be discussed based on the ab initio calculations, which yield detailed information about the structure and bonding of Al 5 C Ϫ and Al 5 C.
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IV. EXPERIMENTAL RESULTS
V. THEORETICAL RESULTS
A. The structures of Al 5 C ؊ and Al 5 C
In a recent article, we showed that Al 4 C Ϫ has an almost planar structure while neutral Al 4 C has a tetrahedral structure. The planarization of the anion occurs due to the fourcenter-one-electron ligand-ligand bond formed by the 1b 2g -highest occupied molecular orbital ͑HOMO͒ in Al 4 C Ϫ . The adiabatic electron affinity for Al 4 C was found to be 1.93 eV. Based on this information, we speculate that the structures of Al 5 C and Al 5 C Ϫ can be related to that of Al 4 C Ϫ . Specifically, the high electron affinity of Al 4 C and the low electronegativity of Al, suggest that the fifth Al atom can donate its valence electron to the 1b 2g -MO in Al 4 At the OVGF/6-311ϩG(2d f ) level of theory using MP2/6-311ϩG* geometry ͑see Fig. 2 and Tables II-IV͒.   b Pole strength is given in parentheses.
midal structure for both Al 5 C and Al 5 C Ϫ ͑the latter having the 1b 2g -HOMO of Al 4 C 2Ϫ doubly occupied͒ or to an edge of the planar square of the Al 4 C Ϫ ͑Al 4 C 2Ϫ ͒ to form a planar C 2v structure ͑see Fig. 2͒ .
To test this hypothesis, we first performed geometry optimization for C 4v symmetry structures of Al 5 C and Al 5 C Ϫ . Both the anion and neutral species should have a b 1 -HOMO with Al 5 C being a doublet radical and Al 5 C Ϫ being a closedshell species. At the B3LYP/6-311ϩG* level of theory, the C 4v symmetry structure of Al 5 C Ϫ was indeed found to be a minimum with a closed-shell 1a 1 Table III͒ , which is the global minimum at the MP2/6-311ϩG* level of theory.
The C 4v symmetry structure of Al 5 C was found to be a second order saddle point at the B3LYP/6-311ϩG* level of theory with a 1a 1 Table III͒ , which is a local minimum. Unfortunately, at the MP2/6-311ϩG* level this C s , I ( 2 AЈ) structure has a very high spin contamination as a result of which we were not able to complete geometry optimization and frequency calculations at this level of theory.
Next, we performed geometry optimization for C 2v symmetry planar structures of Al 5 Table III͒ , which is a local minimum at this level of theory. One can see that the two C s symmetry structures C s , I and C s , II are quite different even though their energies are very close. Their main difference is in the C-Al 2 distance, which is short in the C s , I structure ͑i.e., the carbon is pentacoordinated͒ and is quite long in the C s , II structure ͑where carbon is tetracoordinated͒. Unfortunately, at the MP2/6-311ϩG* level the C s , II ( 2 AЈ) structure of the neutral species has a very high spin contamination and therefore we were not able to complete geometry optimization and frequency calculations at this level of theory. However, at the B3LYP/6-311ϩG* and MP2/6-311ϩG* levels of theory all four structures were found to be very close in energy ͑Tables II-IV͒.
To make a more definite conclusion about the global Ϫ , we performed single point energy calculations of every optimized structure at the CCSD(T)/6-311ϩG(2d f ) level of theory using the MP2/6-311ϩG* optimal geometries. Our results at this level of theory are presented in Table V . The C 2v planar structure of Al 5 C Ϫ was found to be the global minimum, as was determined at the B3LYP/6-311ϩG* level of theory.
The coordination of the additional Al atom to the edge of Al 4 C Ϫ in the C 2v structure is favored over the coordination to the central carbon atom in the C 4v structure by 3.5 kcal/ mol ͓CCSD(T)/6-311ϩG(2d f )͔, but essentially all four structures are very close in energy.
B. The low-energy electron detachments
In Table I , we also present results of our OVGF/6-311 ϩG(2d f ) calculations of six low lying vertical one-electron detachment processes from the four structures of the Al 5 C Ϫ anion. We stress that OVGF results are free from spin contamination and symmetry breaking. One can see that the planar C 2v structure has the best agreement with experiment and confirms our assignment of this structure to the global minimum of Al 5 C Ϫ . The low-symmetry structure C s , II also has a good agreement with experiment. We believe that the additional aluminum atom (Al 2 ) coordinated outside of the 
B3LYP/6-311ϩG* MP2/6-311ϩG* B3LYP/6-311ϩG* MP2/6-311ϩG* a E tot ϭϪ1250.397 414 a.u. E tot ϭϪ1247.899 770 a.u. E tot ϭϪ1250.308 653 a.u. E tot ϭϪ1247.795 113 a.u. CAl 4 planar fragment can undergo large amplitude out-ofplane motion relative to its position in the planar structure, but that motion does not affect the PES spectra. The lowest vertical detachment energy ͑VDE͒ at this level of theory ͑2.68 eV͒ corresponds to removal of an electron from the 6a 1 -HOMO. The second VDE ͑2.96 eV͒ corresponds to electron detachment from the 5a 1 -MO, the third ͑3.27 eV͒ to electron detachment from the 3b 2 -MO, the fourth ͑4.35 eV͒ to electron detachment from the 2b 2 -MO, and the fifth ͑4.78 eV͒ to electron detachment from the 1b 1 -MO. In all cases, the pole strengths are larger than 0.8; therefore the OVGF method is expected to be valid and all these electron detachments can be considered as primarily one-electron processes. The quantitative picture of the vertical electron detachment energies is in excellent agreement with the peaks in the experimentally observed spectra as illustrated in Fig. 1 .
VI. INTERPRETATION OF THE PES SPECTRA
A. Peak X
Removal of an electron from the 6a 1 Ϫ . Therefore, we expect a relatively sharp peak for the X ͑Al 5 C Ϫ ͒˜X ͑Al 5 C͒ transition, which is indeed what is found in the PES spectra of Al 5 C Ϫ ͑peak X in Fig. 1͒ . The calculated vertical ͑2.68 eV, Table I͒ electron detachment energy is in excellent agreement with the corresponding experimental peak 2.67 Ϯ0.03 eV. The 6a 1 -HOMO ͑Fig. 3͒ of Al 5 C Ϫ is a pure ligand-ligand bonding MO similar to the 1b 2g -HOMO in the Al 4 C Ϫ anion ͑see Ref. 10͒. Coordination of an additional aluminum atom to the four-center-two-electron bond does not destroy the character of this orbital but makes a perturbation resulting in shifting electron density toward the additional aluminum atom. The alternations of the sign of the wave function in the HOMO are, however, preserved.
B. Peak A
The second peak A occurs near 2.91 eV, which is in excellent agreement with the vertical detachment energy 2.96 eV from the 5a 1 
D. Peak C
The peak C at 4.14Ϯ0.04 eV can be assigned to detachment of an electron from the 2b 2 -MO ͑4.35 eV͒ of Al 5 C Ϫ at the OVGF/6-311ϩG(2d f ) level of theory, resulting in a C 2v 2 B 2 (1a 1  2 2a 1  2 1b 2  2 3a 1  2 4a 1  2 1b 1  2 2b 2  1 3b 2  2 5a 1  2 6a 1 2 ) state of Al 5 C. The 2b 2 -MO is primarily a nonbonding MO composed of the hybrid 3s,3p-AO of the bridge aluminum atoms with some bonding contributions from the additional aluminum atom ͑Fig. 3͒.
VII. DISCUSSION
We synthesized, in the gas phase, two hyperstoichiometric molecules: Al 5 C Ϫ and Al 5 C for the first time. Four peaks were observed in the photoelectron spectra of Al 5 calculated by the Green function method ͓OVGF/6-311 ϩG(2d f )͔. Overall, we obtained excellent agreement between our experimental and ab initio results, allowing us to conclude that the planar structures of Al 5 C Ϫ has been established with reasonable certainty. Our results for Al 5 C are less certain. Based on the sharp shape of the X-X transition we speculate that both the anion and the neutral species have very similar structures. Also at the B3LYP/6-311ϩG* level of theory the Al 5 C (C 2v , 2 A 1 ) is a global minimum. Unfortunately, our results at the MP2/6-311ϩG* and the CCSD͑T͒/6-311ϩG͑2df͒ levels of theory are heavily spincontaminated and therefore are not conclusive. We hope to address this question in the future, but at this point based on the date we have we will consider that Al 5 C has the C 2v , 2 A 1 structure. Both of these species have planar structures with the fifth aluminum cation coordinated to an edge of the planar square structure of the Al 4 C 2Ϫ ͑Al 4 C Ϫ ͒ anion. The planarity of Al 5 C and Al 5 C Ϫ can be explained by the structure of their HOMOs, which are ligand five-center one-or twoelectron bonding MOs, respectively. A similar HOMO is responsible for the planarity of Al 4 
) ͓all at the CCSD(T)/6-311ϩG(2d f ) levels of theory͔. The substantial stability is due to the high degree of ionic character in the bonding between the central atom and the ligands as well as the bonding interactions among the ligand aluminum atoms.
The electron affinity of the Al 5 C molecule (2.61 Ϯ0.04 eV) found in this work is substantially higher than the electron affinity of the pure Al 5 cluster (2.22Ϯ0.04 eV). 
